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Abstract
The growth phenotype of asexual blood stage malaria parasites can influence their viru-
lence and also their ability to survive and achieve transmission to the next host, but there
are few methods available to characterise parasite growth parameters in detail. We devel-
oped a new assay to measure growth rates at different starting parasitaemias in a 96-well
format and applied it to characterise the growth of Plasmodium falciparum lines 3D7-A and
3D7-B, previously shown to have different invasion rates and to use different invasion path-
ways. Using this simple and accurate assay we found that 3D7-B is more sensitive to high
initial parasitaemia than 3D7-A. This result indicates that different parasite lines show varia-
tion in their levels of density-dependent growth inhibition. We also developed a new assay
to compare the duration of the asexual blood cycle between different parasite lines. The
assay is based on the tight synchronisation of cultures to a 1 h parasite age window and the
subsequent monitoring of schizont bursting and formation of new rings by flow cytometry.
Using this assay we observed differences in the duration of the asexual blood cycle
between parasite lines 3D7 and HB3. These two new assays will be useful to characterise
variation in growth-related parameters and to identify growth phenotypes associated with
the targeted deletion of specific genes or with particular genomic, transcriptomic or proteo-
mic patterns. Furthermore, the identification of density-dependent growth inhibition as an
intrinsic parasite property that varies between parasite lines expands the repertoire of mea-
surable growth-related phenotypic traits that have the potential to influence the outcome of
a malarial blood infection.
Introduction
Plasmodium falciparum is responsible for the majority of malaria deaths and severe disease
cases, and consequently is the subject of intensive investigations. Recent research advances
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have raised hopes that a better understanding of the basic biology of this organismmay con-
tribute to the design and development of new public health tools that will assist in the fight
against malaria. To name just a few landmark research advances from the last fifteen years, the
complete genome of P. falciparum has been sequenced [1], enabling the characterisation of the
parasite at the “omics” level [2,3,4,5,6,7,8], and genetic manipulation technology has advanced
to a point that efficient knock out, conditional depletion, forward genetic screening or targeted
mutagenesis are becoming routine [9].
In contrast to these major advances, the methods for parasite phenotypic characterisation
have not progressed at the same pace. The repertoire of easy methods for phenotypic character-
isation is limited, and consequently the number of phenotypic traits that are typically deter-
mined for a parasite line is clearly insufficient to cope with the wealth of new “omics” datasets
or new transgenic lines that are constantly being generated. Specific genetic, transcriptomic,
epigenomic, proteomic or phosphoproteomic patterns may be associated with specific pheno-
types, but such associations will not be detected unless these phenotypes are routinely charac-
terised. Likewise, the genetic modification of specific loci may be associated with phenotypes
that currently are not determined as part of the regular characterisation of new transgenic
lines. Of note, the only growth-related phenotypic trait that is characterised for many trans-
genic parasite lines is the growth rate.
The characterisation of the growth phenotype of asexual blood stage parasites, which are
responsible for all clinical symptoms of malaria, is particularly important. During the intraery-
throcytic cycle, parasites develop and replicate inside the erythrocytes for about 48 h and are
then released to the circulation, where they quickly invade new erythrocytes to start the next
replication cycle. The growth parameters of a parasite line, such as the duration of the asexual
blood cycle or the increase in parasitaemia from one cycle to the next (growth rate), are major
intrinsic properties of a parasite line that may influence its virulence [10] and also its ability to
survive and achieve transmission, especially in the context of a multiple infection in which sev-
eral parasite clones coexist and compete for limited resources [11]. The growth dynamics of a
parasite line also depends on the trade-off between asexual bloodmultiplication and differenti-
ation into sexual precursors called gametocytes, which are necessary for transmission to a mos-
quito and subsequently to another human host. Importantly, the investment on gametocyte
production varies between different parasite lines [12,13,14]. In addition to these parasite
intrinsic factors that can be measured in vitro under culture conditions, host factors such as
innate and acquired immune responses also influence the growth dynamics of a malaria infec-
tion in the human blood [15].
Over a decade ago, we described two stocks of the P. falciparum clonal line 3D7, named
3D7-A and 3D7-B (distinct from 3D7A and 3D7B described in the first malaria genetic cross
[16]), which use different invasion pathways and have different invasion rates [17]. Using regu-
lar erythrocyte invasion assays, in which the number of new rings generated per purified schiz-
ont is determined, 3D7-A showed higher invasion rates than 3D7-B. Of note, 3D7-A is unique
in its invasive abilities because it is the only parasite line reported to date that can invade effi-
ciently erythrocytes from individuals with the malaria-protective genetic trait South-East Asian
ovalocytosis (SAO) [17] and also normal erythrocytes sequentially treated with neuraminidase
and trypsin [17,18]. The 3D7-A and 3D7-B stocks of 3D7 were instrumental to investigate epi-
genetic variation in P. falciparum [8,18].
During routine culture of 3D7-A and 3D7-B, we noticed that 3D7-A exhibits a higher
growth rate, consistent with its previously reported higher invasion rate [17]. For regular cul-
ture maintenance, we assume an eight-fold increase in parasitaemia from one cycle to the next
for 3D7-A, and about six-fold for 3D7-B. We also observed that the difference in growth rates
between the two parasite lines is more pronounced when they are cultured at high
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parasitaemia. To formally assess this latter observation,we developed a new assay to compare
growth rates at different starting parasitaemias.We optimised the method for a 96-well plate
format and used it to characterise density-dependent growth inhibition in 3D7-A and 3D7-B,
and also in other parasite lines. Furthermore, we developed an assay to accurately measure the
length of the asexual blood cycle and to characterise the growth kinetics. Our results revealed
variation for all growth-related phenotypic traits analysed.
Results
Growth rates of 3D7-A and 3D7-B at different starting parasitaemias in
Petri dishes
In an initial set of exploratory experiments, we measured the growth rate of 3D7-A and 3D7-B
cultures at starting parasitaemias ranging from 0.1 to 2% (Fig 1A). In brief, the parasitaemia of
synchronised cultures at the ring stage was adjusted to the desired starting parasitaemias by
dilution with uninfected erythrocytes.To determine the growth rate, parasitaemias were mea-
sured ~55 h later when all parasites had completed a full asexualmultiplication cycle and
reached the ring / early trophozoite stage of the next cycle.We used flow cytometry to determine
parasitaemias accurately. The growth rate was calculated as the final parasitaemia divided by the
initial parasitaemia. Hence, progression along the full asexual blood cycle is assessed in these
growth assays, in contrast to invasion assays in which only progression from the schizont to the
ring stage is analysed. In four independent experiments, 3D7-A consistently showed higher
growth rates than 3D7-B at all starting parasitaemias. However, differences were more marked
in cultures at high parasitaemia. The growth of 3D7-B was ~80% the growth of 3D7-A at 0.1%
or 0.25% initial parasitaemia, but only ~65% in cultures at 2% initial parasitaemia (Fig 1A).
Based on these results, we performed a second round of experiments using only 0.25% and
2.5% starting parasitaemias (Fig 1B). These experiments confirmed that 3D7-B is more sensi-
tive to high parasite density than 3D7-A, such that at the lower starting parasitaemia it grows
~75% as much as 3D7-A but at the higher starting parasitaemia it only grows ~60% as much as
3D7-A. In these experiments we used both old (stored for>3 weeks) and fresh (stored for 1–2
weeks) erythrocytes,but we did not observe differences between the two conditions.
Fig 1. Growth rates of 3D7-A and 3D7-B at different initial parasitaemias measured in Petri dish
assays. (A) Growth rates of the two parasite lines were measured at four different starting parasitaemias.
Values are the growth rate (GR) of 3D7-B relative to 3D7-A at each initial parasitaemia, expressed as
percentage. Values are the average of four independent biological replicates, with S.E.M. The decrease of
the growth rate of 3D7-B relative to 3D7-A with increasing initial parasitaemia was statistically significant
(P<0.05) using linear regression analysis. (B) Same as in panel A, but in a second set of experiments in
which growth rates were measured only at two different starting parasitaemias. Values are the average of
seven independent biological replicates, with S.E.M. The growth rate of 3D7-B relative to 3D7-A was
significantly different between the two starting parasitaemias (P<0.05 using a two-tailed paired t-test).
doi:10.1371/journal.pone.0165358.g001
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Altogether, these assays confirmed our previous observations during routine culture that den-
sity-dependent growth inhibition is stronger in 3D7-B than in 3D7-A.
A 96-well plate assay to measure growth rates at different starting
parasitaemias
We designed a simple and accurate new assay to measure growth rates at different starting
parasitaemias in 96-well plates. In this assay, which can be used for routine phenotypic charac-
terisation of parasite lines, the growth rate of each line is tested at six different initial parasitae-
mias ranging from 0.08% to 2.5%. Serial 1 in 2 dilutions are used to generate wells with
progressively lower starting parasitaemias.We observed some variability between experiments
in the growth rates measured, probably as a consequence of using blood from different donors;
hence, for optimal accuracy, the parasite lines compared need to be analysed in parallel.
Using this assay, we confirmed the conclusions of the experiments performed in Petri
dishes. The maximum growth rate, typically observed in wells at the lowest starting parasitae-
mia, was about twelve for 3D7-A and about ten for 3D7-B. For both parasite lines growth rates
progressively decreasedwith higher starting parasitaemia, but this was more pronounced for
3D7-B (Fig 2A). The different levels of density-dependent inhibition of growth between 3D7-A
and 3D7-B are more apparent by representing growth rates at each starting parasitaemia as the
percentage of the growth rate of the same parasite line at the lowest starting parasitaemia (typi-
cally the maximum growth rate). In three independent experiments 3D7-B showed a clearly
higher sensitivity to high initial parasitaemia than 3D7-A, such that the growth of 3D7-B at the
highest starting parasitaemia was only about 45% of its maximum growth rate, whereas in the
case of 3D7-A it was over 60% (Fig 2B). The growth rate of 3D7-B relative to 3D7-A was ~80%
in wells at low starting parasitaemia but progressively declined to only ~60% in wells at the
highest starting parasitaemia (Fig 2C).
In summary, we have established a simple and accurate assay to compare the growth rates
of different parasite lines at different starting parasitaemias, which revealed that different lines
show different levels of sensitivity to high parasitaemia. To further demonstrate the utility of
this assay, we used it to analyse the density-dependence of a parasite line of interest that we
recently generated by selectingwild type parasite cultures with the toxic compound blasticidin
S [19]. This parasite line, termed 10G-0.6–2, acquired resistance to blasticidin S by silencing
the expression of clag3 genes, and displays markedly reduced growth rates compared to the
10G parental line from which it was derived [19]. At low starting parasitaemias, 10G-0.6–2
grows at about 50% the rate of 10G (Fig 3A and 3C). Surprisingly, in spite of its predicted lim-
ited capacity to acquire sufficient nutrients from the medium [19,20], the growth rate of 10G-
0.6–2 shows little variation with initial parasite density, such that at the highest initial parasi-
taemia this parasite line grows at over 80% the rate at the lowest parasitaemia (Fig 3B). Thus,
10G-0.6–2 shows a lower density-dependent inhibition of growth than unselected 10G (Fig
3A–3C), which at the highest parasitaemia only grows at just over 60% the rate at the lowest
parasitaemia. At the highest starting parasitaemia (2.5%) the growth of 10G-0.6–2 relative to
10G is over 60% (Fig 3C).
The number of merozoites per schizont is similar between 3D7-A and
3D7-B
The lower growth rates of 3D7-B compared to 3D7-A may be explained by either 3D7-B pro-
ducing less merozoites per schizont, or 3D7-B merozoites invading erythrocytes less efficiently.
To distinguish between these two possibilities, we counted the number of merozoites per fully
mature schizont in the two parasite lines, using tightly synchronised cultures at 46–47 or 48–49
Variation in Density-Dependent Growth Inhibition in P. falciparum
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h post-invasion (Fig 4). The median number of merozoites per schizont was 20 in both parasite
lines, whereas the mean was 20.44 for 3D7-A and 19.29 for 3D7-B. Although this small differ-
ence was statistically significant (P<0.05 using a t-test), the very small increase (~6%) in the
mean number of merozoites per schizont in 3D7-A is insufficient to account for the highly
increased growth rates of this line (~20% higher even at low starting parasitaemia, Figs 1 and
2C). Thus, we conclude that the higher growth rate of 3D7-A compared to 3D7-B is mainly
attributable to more efficientmerozoite invasion, consistent with the reported ability of this
parasite line to use additional invasion pathways [17,18], rather than to an increased number
of merozoites per schizont.
Fig 2. Growth rates of 3D7-A and 3D7-B at different initial parasitaemias measured in 96-well plate
assays. (A) Growth rates of 3D7-A and 3D7-B in cultures at different starting parasitaemias obtained by
serial dilutions in 96-well plates. (B) Growth rates (GR) at different starting parasitaemias relative to the
growth rate at the lowest starting parasitaemia (typically the maximum growth rate) for each parasite line. (C)
Growth rate of 3D7-B relative to 3D7-A at different starting parasitaemias, expressed as percentage. The
decrease of the growth rate of 3D7-B relative to 3D7-A with increasing initial parasitaemia was statistically
significant (P<0.05) using linear regression analysis. In all panels, values are the average of three
independent experiments (biological replicates), each performed in triplicate wells, with S.E.M.
doi:10.1371/journal.pone.0165358.g002
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An assay to compare the duration of the asexual blood cycle between
parasite lines
We developed a new assay to measure another fundamental growth parameter of malaria para-
sites: the duration of the asexual blood cycle. In brief, we synchronised cultures to a 1 h age
window by sequential Percoll purification and sorbitol lysis (0–1 h post-invasion culture), and
towards the end of the asexual cycle we followed schizont disappearance (as a consequence of
bursting) and formation of new rings by flow cytometry (Fig 5A). With this approach, we
found that the duration of the asexual blood cycle is very similar between 3D7-A and 3D7-B,
according to both the formation of new rings and the decrease in the number of schizonts (Fig
5B and 5C and Table 1). Becausemeasurements of the very low schizont parasitaemias
Fig 3. Growth rates of 10G and 10G-0.6–2 at different initial parasitaemias measured in 96-well plate
assays. (A) Growth rates of 10G and 10G-0.6–2 in cultures at different starting parasitaemias obtained by
serial dilutions in 96-well plates. (B) Growth rates (GR) at different starting parasitaemias relative to the
growth rate at the lowest starting parasitaemia (typically the maximum growth rate) for each parasite line. (C)
Growth rate of 10G-0.6–2 relative to 10G at different starting parasitaemias, expressed as percentage. The
increase of the growth rate of 10G-0.6–2 relative to 10G with increasing initial parasitaemia was statistically
significant (P<0.05) using linear regression analysis. In all panels, values are the average of four
independent experiments (biological replicates), each performed in duplicate wells, with S.E.M.
doi:10.1371/journal.pone.0165358.g003
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Fig 4. Number of merozoites per schizont in 3D7-A and 3D7-B. The number of merozoites was counted
in 160 (3D7-A) or 165 (3D7-B) fully mature, segmented schizonts from three independent preparations of
tightly-synchronised cultures. Boxes represent median, 25th percentile and 75th percentile, whereas
whiskers are 10th and 90th percentiles. The mean number of merozoites per schizont was significantly
different between 3D7-A and 3D7-B (P<0.05) using a two-tailed t-test.
doi:10.1371/journal.pone.0165358.g004
Fig 5. Duration of the asexual blood cycle in 3D7-A and 3D7-B. (A) Representative example of a flow cytometry analysis showing the position of
peaks of ring-infected erythrocytes (R window, including single, double, triple and quadruple ring-infected erythrocytes) and schizont-infected
erythrocytes (S window). (B) Cumulative number of new rings formed at different time points, expressed as the proportion (%) of the total number of rings
(determined at60 h, when reinvasion was complete). Values in the x-axis correspond to average culture age in h post-invasion. Data are fitted to a
sigmoidal dose-response curve. (C) Cumulative proportion (%) of burst schizonts at different time points. The proportion of burst schizonts was
calculated from the schizont parasitaemia as described in the Materials and Methods section. (D) Cumulative proportion (%) of burst schizonts at
different time points, estimated from the relative ring and schizont parasitaemia, as described in the Materials and Methods. (E) Proportion (%) of new
rings that were formed at each time interval. Values in the x-axis are time intervals defined by the average culture age (in h post-invasion) at the
beginning and at the end of the interval. The proportion of new rings formed during each time interval is calculated as the increase in ring parasitaemia
during the interval divided by the total ring parasitaemia at the end of the assay. The trend line is a polynomial of degree three (dotted lines). (F) Average
number of new rings formed per burst schizont at different intervals of cycle progression. The number of new rings per schizont is calculated as ΔPr/
(-ΔPs), where ΔPr and -ΔPs are the increase in ring parasitaemia and the decrease in schizont parasitaemia, respectively, during the interval. In all
panels, values are the average of two independent biological replicates, with S.E.M.
doi:10.1371/journal.pone.0165358.g005
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observed at the latest time points have limited accuracy, we also estimated the proportion of
burst schizonts at a given time point from the relative abundance of rings and schizonts (see
Materials and Methods for details). The progression of schizont bursting estimated in this way
was also very similar between the two parasite lines (Fig 5D).
We also calculated the proportion of the new rings formed at each time interval, which
revealed that in both 3D7-A and 3D7-B the peak of new rings formation was at ~45 h post-
invasion (Fig 5E). Although the cultures were synchronised to a 1 h window, bursting and for-
mation of new rings occurred over a period of>8 h. Next we calculated the average number of
new rings formed per burst schizont for each of the time intervals (Fig 5F). We observedhigh
variability between experiments for this parameter, which is probably attributable to the differ-
ent absolute growth rates observed in separate experiments (related with the use of blood from
different donors) and to the limited accuracy of measuring small decreases in schizont parasi-
taemia across short periods of time. In spite of these limitations, this analysis revealed that fif-
teen rings or more can be formed per burst schizont during intervals of peak efficiencyof
invasion. In contrast, at the first and the last time intervals analysed, the number of new rings
per burst schizont was much lower. The low values before 40.5 h are likely explained by para-
sites that die before completing schizont maturation and bursting, whereas the low values after
48.5 h reflect a decreased ability of the merozoites arising from the latest schizonts that burst to
invade new erythrocytes efficiently. At some specific intervals, the number of rings per burst
schizont was higher for 3D7-A than for 3D7-B. This was expected because while the kinetics of
cycle progression is similar between the two lines (Fig 5B–5E), the absolute number of rings
formed from each schizont is directly linked to the growth rate, which is higher in 3D7-A (Figs
1 and 2). Determiningwhether differences between the two lines in the number of rings per
burst schizont occur specifically at ~40–45 h post-invasion will require additional experimental
approaches.
We previously proposed that the duration of the asexual blood cycle may be slightly shorter
in 3D7-A than in 3D7-B [18], and in fact a very small difference (<1 h) was observed in this
direction for all the parameters measured (Fig 5B–5E and Table 1). However, the accuracy of
our assay is not sufficient to determine such small differences with confidence. To test whether
our assay is able to identify variation in the duration of the cycle when differences are more
pronounced, we used it to compare two parasite lines of different genetic background, 3D7-A
and HB3A.We observed a ~2 h difference in the time necessary to complete the asexual blood
cycle between the two parasite lines. While 50% of the new rings were generated in less than 46
h in 3D7-A, in HB3A this required almost 48 h (Fig 6A and Table 1). The time elapsed until
20% or 80% of the new rings were formed also differed by almost 2 h between the two parasite
lines (Table 1). The kinetics of schizonts disappearance confirmed this difference in the speed
of asexual cycle progression (Fig 6B). Last, the analysis of the proportion of rings formed at
Table 1. Duration of the asexual blood cycle in different P. falciparum lines.
% of new rings formed 3D7-A vs 3D7-B 3D7-A vs HB3A
3D7-A 3D7-B 3D7-A HB3A
20% 43.3 43.5 43.3 44.9
50% 45.4 45.8 45.9 47.7
80% 47.5 48.1 48.8 50.7
Time (in h post-invasion) elapsed until the indicated proportion of the total of new rings was formed. Values
were obtained by interpolating sigmoidal dose-response curves (variable slope) generated with data from
two independent experiments.
doi:10.1371/journal.pone.0165358.t001
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each time interval also revealed that the peak of new rings formation occurred earlier in 3D7-A
than in HB3A (Fig 6C). Altogether, these results demonstrate that our method is suitable for
the identification of differences in the speed of life cycle progression between parasite lines.
Discussion
Here we describe new assays for the characterisation of growth-related phenotypic traits in P.
falciparum, including a method to determine the density-dependence of growth rates. We
observedvariation between parasite lines for all of the traits analysed, which in addition to den-
sity-dependent growth inhibition includedmaximum growth rate, duration of the asexual
blood cycle, and number of merozoites per segmented schizont. The establishment of robust
assays to characterise these phenotypes opens the way to study the molecular basis of this varia-
tion. Considering that differences in some of the intrinsic growth parameters were observed
between parasite lines of the same genetic background (3D7-A and 3D7-B), it is likely that they
have an epigenetic basis and are related with differential expression of clonally variant genes
[8]. However, we cannot rule out the possibility that these phenotypic differences are explained
by unknown genetic alterations that may have occurredduring normal growth under culture
conditions. In any case, the phenotypic variation observed for these traits has an important
adaptive potential, as it provides the grounds for dynamic natural selection of parasites with
characteristics that confer increased fitness upon changes in the host conditions.
Parasites that have a very high intrinsic growth rate or a comparatively short asexual blood
cycle are expected to have a competitive advantage in the context of a patient infected with
multiple parasite clones [11], which is a very common situation in malaria endemic areas [21].
Furthermore, traits associated with fast growth can favour transmissibility and parasite survival
in human hosts with strong acquired immune responses. However, fast growth may also be
detrimental for the parasite because it carries the risk of killing the human host, which would
result in parasites death. The trade-off between preventing excess host damage and growing
sufficiently fast to avoid being outcompeted by other parasite clones or eliminated by the host
immune system needs to be tightly regulated, making growth-related phenotypes critically
important for parasite survival.However, the plasticity of asexual growth traits remains poorly
characterised [22].
We found that in addition to exhibiting different maximum growth rates, different parasite
lines vary in their sensitivity to high parasite density, demonstrating that the level of density-
dependent growth inhibition is an intrinsic property of a parasite line. Density-dependent inhi-
bition of growth has been proposed to occur also during natural infections, even across species
Fig 6. Duration of the asexual blood cycle in 3D7-A and HB3A. The duration of the asexual blood cycle was compared between the 3D7-A and
HB3A parasite lines. Experiments in panels (A), (B) and (C) are analogous to experiments in panels B, C and E of Fig 5, respectively. Results are the
average of two independent biological replicates, with S.E.M.
doi:10.1371/journal.pone.0165358.g006
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[23]. Growth restriction at high parasitaemia is intuitively a favourable trait for parasites, to
prevent fast growth that may result in host death when the parasite biomass is already high. In
fact, the optimal growth strategy for a malaria parasite population may involve fast multiplica-
tion rates at the beginning of a blood infection followed by growth restriction regulated by quo-
rum-sensingmechanisms when parasitaemia is high.We hypothesise that the different levels
of density-dependent growth inhibition observedbetween two lines of 3D7 genetic back-
ground, 3D7-A and 3D7-B, may reflect a different use of quorum-sensingmechanisms. Extra-
cellular vesicles containing parasite-derivedmaterials, which were recently described for
Plasmodium spp. [24,25,26], may be responsible for cell-cell communication and quorum-
sensing in malaria. In this context, 3D7-A and 3D7-B may differ in their ability to either pro-
duce or receive these vesicles. Our assay to easily and accurately compare the level of density-
dependent growth inhibition of different parasite lines will be useful to investigate the mecha-
nism underlying this phenotypic trait and to test the hypothesis that it is related to quorum-
sensing and extracellular vesicles.
We also used this assay to characterise the density-dependence of the growth rate of 10G-
0.6–2, a parasite line with reduced growth as a consequence of silencing the expression of clag3
genes after selectionwith blasticidin S [19]. These genes are necessary for efficient nutrient
uptake [20,27]. The 10G-0.6–2 parasite line showed a low level of growth inhibition at high
parasitaemia compared to the unselected 10G line from which it was derived. Considering that
for a given initial parasitaemia the density of new rings is lower in 10G-0.6–2 than in other par-
asite lines, this result may suggest that inhibition of growth by high parasite densities mainly
depends on the parasitaemia of new rings formed, rather than on the parasitaemia of schizonts
before invasion. However, the absence of CLAG3 expression likely results in multiple alter-
ations at different stages of the life cycle in the 10G-0.6–2 line, so this hypothesis requires con-
firmation. Future research will need to establish the precise mechanism regulating density-
dependent growth inhibition and the involvement of parasites at different stages of
development.
We also developed a method to accurately measure the duration of the asexual blood cycle,
which revealed that the cycle length in parasites of 3D7 genetic background is on average ~46
h, and about 2 h longer in HB3. Variation in cycle length duration between parasite lines of dif-
ferent genetic background has been previously described and proposed to be under genetic
control [28,29,30]. Other methods have been previously described to measure the duration of
the asexual blood cycle. One study provided a detailed structural description of schizont devel-
opment, bursting and reinvasion using cultures synchronised to a ~1.5 h window, and identi-
fied differences in the duration of the asexual cycle between two parasite lines of different
genetic background [28]. This study also concluded that in a single cycle the window of culture
synchrony widens markedly, similar to our observations: we found substantial schizont burst-
ing over a period of>8 h in cultures that had been previously synchronised to only a 1 h age
window. However, the method developed by Margos et al. involved the use of chemical inhibi-
tors to synchronise the cultures, and relied on microscopy to estimate the proportion of para-
sites at different stages, which is less accurate than flow cytometry. Another method to
measure the duration of the asexual cycle is based on estimating the time between two peaks of
schizonts [31,32]. While this method was also suitable to reliably measure the duration of the
life cycle and to compare the speed of cycle progression between different parasite lines, it
required frequent sampling along a 56–90 h experiment. In contrast, in our protocol frequent
sample collection is restricted to 8–12 h. Nevertheless, we are aware that this is a labour-inten-
sive protocol, and it requires growing relatively large volumes of parasite cultures to obtain a
high enough parasitaemia after synchronisation to a 1 h age window. While we do not envisage
the use of this method in high-throughput experiments, the protocol describedhere can be
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valuable for the phenotypic characterisation of important parasite lines with defined genetic or
epigenetic alterations (e.g. transgenic lines) that can potentially affect the duration of the life
cycle.
Altogether, we provide a description of much needed newmethods for the detailed charac-
terisation of growth phenotypes in P. falciparum, and we used these methods to characterise
the growth of several parasite lines including two lines of 3D7 genetic backgroundwith
markedly different phenotypes. These methods will be useful for the characterisation of plastic-
ity and variation in asexual growth traits. Of special interest was the identification of variation
in the levels of density-dependent growth inhibition. Further characterisation of this trait may
reveal important survival and adaptive mechanisms of malaria parasites.
Materials and Methods
Parasites and flow cytometry
The parasite lines used in this study have been previously described: 3D7-A and 3D7-B [17],
10G [33], 10G-0.6–2 [19] and HB3A [16]. Parasites were cultured in B+ erythrocytes in a low
oxygen (2%) atmosphere under standard conditions with Albumax II and no human serum.
We used standard sorbitol lysis for regular synchronisation of all parasite lines except for 10G-
0.6–2, which was synchronised with L-Proline instead of sorbitol as previously described [34].
This parasite line was regularly cultured under blasticidin S pressure to maintain its character-
istics [19].
Flow cytometry determination of parasitaemia was performed as previously described [35],
using a FACScalibur flow cytometer (BectonDickinson) and SYTO 11 to stain parasite nucleic
acids.While other fluorescent dyes such as ethidium bromide show a limited ability to stain
early ring stage parasites for flow cytometry analysis [36], SYTO 11 efficiently stains young
rings even in 0–1 h post-invasion cultures (S1 Fig). The ability to detect very young rings in
our flow cytometry assay is important in order to rule out the possibility that in some parasite
lines a subset of new rings fail to develop, rather than merozoites invading erythrocytes less
efficiently. The background signal that was scored as parasitaemia in uninfected erythrocytes
preparations was determined in each experiment (typically ~0.03%) and subtracted from other
parasitaemiameasurements. Uninfected erythrocyteswere maintained at 37°C for ~48 h before
they were used in the growth assays because we observed that when used directly after storage
at 4°C the background SYTO 11 signal is higher. For flow cytometry quantification of rings
and schizonts in cultures containing a mixture of parasites at both stages (Fig 5A), we manually
definedwindows of SYTO 11 signal corresponding to one to approximately four nuclei (rings,
including erythrocytes infectedwith multiple rings) and to more than four nuclei (schizonts).
Growth assays
Parasitaemia was measured by flow cytometry after synchronising cultures to the ring stage,
and adjusted to the highest starting parasitaemia by dilution with a suspension of uninfected
erythrocytes (in complete culture medium) at the same haematocrit as the cultures. We con-
firmed that the haematocrit was the same between the cultures and the uninfected erythrocytes
diluent by comparing pellet volumes after centrifugation. If differences were observed, the hae-
matocrit was adjusted between the two preparations. The parasitaemia of the adjusted prepara-
tions was confirmed by flow cytometry. We prepared dilutions to all the other desired starting
parasitaemias using the same uninfected erythrocytesdiluent. This was done in 15 ml tubes for
assays in Petri dishes or directly in a 96-well plate (in duplicate or triplicate wells) with serial 1
in 2 dilutions using a multichannel pipette. In several cases we validated the parasitaemia of all
the dilutions and they were found to be approximately as expected.However, since flow
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cytometrymeasurements of low parasitaemias (<0.2%) have limited accuracy, for all the data
analyses we used the initial parasitaemias calculated from the highest initial parasitaemia (mea-
sured by flow cytometry) divided by the dilution factor. Cultures were left undisturbed for
>50 h until reinvasion was complete (as determined by microscopy examination) and then the
parasitaemia of each dish or well was measured by flow cytometry. Growth rates were calcu-
lated as the final parasitaemia divided by the initial parasitaemia. For assays with the parasite
line 10G-0.6–2, blasticidin S was removed immediately before starting the assay.
Synchronisation of cultures to a 1 h window and measurement of the
duration of the asexual growth cycle
Cultures containing abundant schizonts (~5% schizont parasitaemia) were synchronised to a 1
h window by Percoll purification of schizonts followed by sorbitol lysis 1 h later. Since late
stage parasites (trophozoites and schizonts) were very abundant 1 h after Percoll purification,
we modified our standard sorbitol lysis protocol to ensure that they were completely removed.
In brief, the volume of sorbitol was increased from 5–10 to 30 pellet volumes, the time of incu-
bation with sorbitol was increased from 7 to 10 minutes, and we performed two washes after
the incubation with sorbitol instead of one. Parasitaemia was determined by flow cytometry
and adjusted to 1.25% by dilution with uninfected erythrocytes as described above. Cultures
were split between several identical dishes (0–1 h post-invasion cultures) that were left undis-
turbed until they were harvested at different time points for flow cytometrymeasurement of
ring and schizont parasitaemias. Initial parasitaemia was determined at ~20 h post-invasion, a
time point at which bursting and reinvasion has not started yet. The value of schizont parasi-
taemia at ~20 h post-invasion, which likely corresponds to dead schizonts that were not
removed by sorbitol lysis, was subtracted from subsequent schizont parasitaemia measure-
ments. Ring and schizont parasitaemias were determined at two hours intervals during the
period in which schizont bursting and reinvasion occurred, and at 60 h post-invasion when
all viable schizonts had burst.
The proportion of burst schizonts at a given time point was estimated from the experimen-
tally determined schizont parasitaemia or from the relative ring and schizont parasitaemias.
For the former approach, the proportion of burst schizonts was calculated as 100 –[(Ps/Pi) x
100], where Ps is the schizont parasitaemia at a given time point and Pi is the initial parasitae-
mia determined at about 20 h post-invasion. For the latter approach, the proportion of burst
schizonts was calculated using the formula: 100 x (Pr/GR)/[(Pr/GR)+Ps], where Pr and Ps are
the parasitaemia of rings and schizonts at a given time point, respectively, and GR is the growth
rate determined in the same experiment by dividing the final ring parasitaemia at 60 h post-
invasion by the initial parasitaemia. In this way, (Pr/GR) is an estimation of the number of
schizonts that have burst at a given time point, whereas [(Pr/GR)+Ps] is an estimation of the
initial total number of schizonts. Data was fitted to a sigmoidal dose-response curvewith vari-
able slope using GraphPad Prism, and the time to generate 20%, 50% or 80% of new rings for
each parasite line was interpolated from the curves.
Determination of the number of merozoites per mature schizont
Giemsa-stained smears from parasite cultures at ~1.25% parasitaemia synchronised to a 1 h
age window were analysed by light microscopy at 46–47 or 48–49 h post-invasion.We
obtained pictures frommultiple high magnification fields (1000x) of each slide and counted
the number of merozoites per fully mature schizont on a computer screen.We excluded schiz-
onts with non-defined or overlapping merozoites, as well as those with multiple hemozoin pig-
ment signals that may indicate infection of the same erythrocyteby more than one parasite.
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Supporting Information
S1 Fig. Detection of very early rings by flow cytometry.
(PDF)
Acknowledgments
We are grateful to Itziar Ubillos for advice with the statistical analysis.
Author Contributions
Conceptualization:AC.
Formal analysis:NR-G SA-S ET-F AC.
Funding acquisition:AC.
Investigation:NR-G SA-S ET-F AC.
Methodology:NR-G SA-S ET-F AC.
Writing – original draft:AC.
Writing – review& editing:NR-G ET-F AC.
References
1. Gardner MJ, Hall N, Fung E, White O, Berriman M, Hyman RW, et al. (2002) Genome sequence of the
human malaria parasite Plasmodium falciparum. Nature 419: 498–511. doi: 10.1038/nature01097
PMID: 12368864
2. Florens L, Washburn MP, Raine JD, Anthony RM, Grainger M, Haynes JD, et al. (2002) A proteomic
view of the Plasmodium falciparum life cycle. Nature 419: 520–526. doi: 10.1038/nature01107 PMID:
12368866
3. Bozdech Z, Llinas M, Pulliam BL, Wong ED, Zhu J, DeRisi JL (2003) The Transcriptome of the Intraer-
ythrocytic Developmental Cycle of Plasmodium falciparum. PLoS Biol 1: E5. doi: 10.1371/journal.
pbio.0000005 PMID: 12929205
4. Lopez-Rubio JJ, Mancio-Silva L, Scherf A (2009) Genome-wide analysis of heterochromatin associ-
ates clonally variant gene regulation with perinuclear repressive centers in malaria parasites. Cell Host
Microbe 5: 179–190. doi: 10.1016/j.chom.2008.12.012 PMID: 19218088
5. Bartfai R, Hoeijmakers WA, Salcedo-Amaya AM, Smits AH, Janssen-Megens E, Kaan A, et al. (2010)
H2A.Z Demarcates Intergenic Regions of the Plasmodium falciparum Epigenome That Are Dynami-
cally Marked by H3K9ac and H3K4me3. PLoS Pathog 6: e1001223. doi: 10.1371/journal.ppat.
1001223 PMID: 21187892
6. Otto TD, Wilinski D, Assefa S, Keane TM, Sarry LR, Bohme U, et al. (2010) New insights into the
blood-stage transcriptome of Plasmodium falciparum using RNA-Seq. Mol Microbiol 76: 12–24. doi:
10.1111/j.1365-2958.2009.07026.x PMID: 20141604
7. Manske M, Miotto O, Campino S, Auburn S, Almagro-Garcia J, Maslen G, et al. (2012) Analysis of
Plasmodium falciparum diversity in natural infections by deep sequencing. Nature 487: 375–379. doi:
10.1038/nature11174 PMID: 22722859
8. Rovira-Graells N, Gupta AP, Planet E, Crowley VM, Mok S, Ribas de Pouplana L, et al. (2012) Tran-
scriptional variation in the malaria parasite Plasmodium falciparum. Genome Res 22: 925–938. doi:
10.1101/gr.129692.111 PMID: 22415456
9. de Koning-Ward TF, Gilson PR, Crabb BS (2015) Advances in molecular genetic systems in malaria.
Nat Rev Microbiol 13: 373–387. doi: 10.1038/nrmicro3450 PMID: 25978707
10. Chotivanich K, Udomsangpetch R, Simpson JA, Newton P, Pukrittayakamee S, Looareesuwan S,
et al. (2000) Parasite multiplication potential and the severity of Falciparum malaria. J Infect Dis 181:
1206–1209. doi: 10.1086/315353 PMID: 10720557
11. de Roode JC, Pansini R, Cheesman SJ, Helinski ME, Huijben S, Wargo AR, et al. (2005) Virulence
and competitive ability in genetically diverse malaria infections. Proc Natl Acad Sci USA 102: 7624–
7628. doi: 10.1073/pnas.0500078102 PMID: 15894623
Variation in Density-Dependent Growth Inhibition in P. falciparum
PLOS ONE | DOI:10.1371/journal.pone.0165358 October 25, 2016 13 / 15
12. Carter LM, Kafsack BF, Llinas M, Mideo N, Pollitt LC, Reece SE (2013) Stress and sex in malaria para-
sites: Why does commitment vary? Evol Med Public Health 2013: 135–147. doi: 10.1093/emph/
eot011 PMID: 24481194
13. Kafsack BF, Rovira-Graells N, Clark TG, Bancells C, Crowley VM, Campino SG, et al. (2014) A tran-
scriptional switch underlies commitment to sexual development in malaria parasites. Nature 507:
248–252. doi: 10.1038/nature12920 PMID: 24572369
14. Nilsson SK, Childs LM, Buckee C, Marti M (2015) Targeting Human Transmission Biology for Malaria
Elimination. PLoS Pathog 11: e1004871. doi: 10.1371/journal.ppat.1004871 PMID: 26086192
15. Langhorne J, Ndungu FM, Sponaas AM, Marsh K (2008) Immunity to malaria: more questions than
answers. Nat Immunol 9: 725–732. doi: 10.1038/ni.f.205 PMID: 18563083
16. Walliker D, Quakyi IA, Wellems TE, McCutchan TF, Szarfman A, London WT, et al. (1987) Genetic
analysis of the human malaria parasite Plasmodium falciparum. Science 236: 1661–1666. PMID:
3299700
17. Corte´s A, Benet A, Cooke BM, Barnwell JW, Reeder JC (2004) Ability of Plasmodium falciparum to
invade Southeast Asian ovalocytes varies between parasite lines. Blood 104: 2961–2966. doi: 10.
1182/blood-2004-06-2136 PMID: 15265796
18. Corte´s A, Carret C, Kaneko O, Yim Lim BY, Ivens A, Holder AA (2007) Epigenetic silencing of Plasmo-
dium falciparum genes linked to erythrocyte invasion. PLoS Pathog 3: e107. doi: 10.1371/journal.
ppat.0030107 PMID: 17676953
19. Mira-Martı´nez S, Rovira-Graells N, Crowley VM, Altenhofen LM, Llina´s M, Corte´s A (2013) Epigenetic
switches in clag3 genes mediate blasticidin S resistance in malaria parasites. Cell Microbiol 15: 1913–
1923. doi: 10.1111/cmi.12162 PMID: 23819786
20. Pillai AD, Nguitragool W, Lyko B, Dolinta K, Butler MM, Nguyen ST, et al. (2012) Solute Restriction
Reveals an Essential Role for clag3-Associated Channels in Malaria Parasite Nutrient Acquisition. Mol
Pharmacol 82: 1104–1114. doi: 10.1124/mol.112.081224 PMID: 22949525
21. Schoepflin S, Valsangiacomo F, Lin E, Kiniboro B, Mueller I, Felger I (2009) Comparison of Plasmo-
dium falciparum allelic frequency distribution in different endemic settings by high-resolution genotyp-
ing. Malar J 8: 250. doi: 10.1186/1475-2875-8-250 PMID: 19878560
22. Mideo N, Reece SE (2012) Plasticity in parasite phenotypes: evolutionary and ecological implications
for disease. Future Microbiol 7: 17–24. doi: 10.2217/fmb.11.134 PMID: 22191443
23. Bruce MC, Donnelly CA, Alpers MP, Galinski MR, Barnwell JW, Walliker D, et al. (2000) Cross-species
interactions between malaria parasites in humans. Science 287: 845–848. PMID: 10657296
24. Martin-Jaular L, Nakayasu ES, Ferrer M, Almeida IC, Del Portillo HA (2011) Exosomes from Plasmo-
dium yoelii-infected reticulocytes protect mice from lethal infections. PLoS ONE 6: e26588. doi: 10.
1371/journal.pone.0026588 PMID: 22046311
25. Mantel PY, Hoang AN, Goldowitz I, Potashnikova D, Hamza B, Vorobjev I, et al. (2013) Malaria-
infected erythrocyte-derived microvesicles mediate cellular communication within the parasite popula-
tion and with the host immune system. Cell Host Microbe 13: 521–534. doi: 10.1016/j.chom.2013.04.
009 PMID: 23684304
26. Regev-Rudzki N, Wilson DW, Carvalho TG, Sisquella X, Coleman BM, Rug M, et al. (2013) Cell-Cell
Communication between Malaria-Infected Red Blood Cells via Exosome-like Vesicles. Cell 153:
1120–1133. doi: 10.1016/j.cell.2013.04.029 PMID: 23683579
27. Nguitragool W, Bokhari AA, Pillai AD, Rayavara K, Sharma P, Turpin B, et al. (2011) Malaria Parasite
clag3 Genes Determine Channel-Mediated Nutrient Uptake by Infected Red Blood Cells. Cell 145:
665–677. doi: 10.1016/j.cell.2011.05.002 PMID: 21620134
28. Margos G, Bannister LH, Dluzewski AR, Hopkins J, Williams IT, Mitchell GH (2004) Correlation of
structural development and differential expression of invasion-related molecules in schizonts of Plas-
modium falciparum. Parasitology 129: 273–287. PMID: 15471003
29. Reilly HB, Wang H, Steuter JA, Marx AM, Ferdig MT (2007) Quantitative dissection of clone-specific
growth rates in cultured malaria parasites. Int J Parasitol 37: 1599–1607. doi: 10.1016/j.ijpara.2007.
05.003 PMID: 17585919
30. Reilly Ayala HB, Wacker MA, Siwo G, Ferdig MT (2010) Quantitative trait loci mapping reveals candi-
date pathways regulating cell cycle duration in Plasmodium falciparum. BMC Genomics 11: 577. doi:
10.1186/1471-2164-11-577 PMID: 20955606
31. Liu J, Gluzman IY, Drew ME, Goldberg DE (2005) The role of Plasmodium falciparum food vacuole
plasmepsins. J Biol Chem 280: 1432–1437. doi: 10.1074/jbc.M409740200 PMID: 15513918
32. Mancio-Silva L, Lopez-Rubio JJ, Claes A, Scherf A (2013) Sir2a regulates rDNA transcription and mul-
tiplication rate in the human malaria parasite Plasmodium falciparum. Nat Commun 4: 1530. doi: 10.
1038/ncomms2539 PMID: 23443558
Variation in Density-Dependent Growth Inhibition in P. falciparum
PLOS ONE | DOI:10.1371/journal.pone.0165358 October 25, 2016 14 / 15
33. Corte´s A (2005) A chimeric Plasmodium falciparum Pfnbp2b/Pfnbp2a gene originated during asexual
growth. Int J Parasitol 35: 125–130. doi: 10.1016/j.ijpara.2004.11.004 PMID: 15710432
34. Rovira-Graells N, Crowley VM, Bancells C, Mira-Martı´nez S, Ribas de Pouplana L, Corte´s A (2015)
Deciphering the principles that govern mutually exclusive expression of Plasmodium falciparum clag3
genes. Nucleic Acids Res 43: 8243–8257. doi: 10.1093/nar/gkv730 PMID: 26202963
35. Urba´n P, Estelrich J, Corte´s A, Fernàndez-Busquets X (2011) A nanovector with complete discrimina-
tion for targeted delivery to Plasmodium falciparum-infected versus non-infected red blood cells in
vitro. J Control Release 151: 202–211. doi: 10.1016/j.jconrel.2011.01.001 PMID: 21223986
36. Wilson DW, Langer C, Goodman CD, McFadden GI, Beeson JG (2013) Defining the timing of action of
antimalarial drugs against Plasmodium falciparum. Antimicrob Agents Chemother 57: 1455–1467.
doi: 10.1128/AAC.01881-12 PMID: 23318799
Variation in Density-Dependent Growth Inhibition in P. falciparum
PLOS ONE | DOI:10.1371/journal.pone.0165358 October 25, 2016 15 / 15
